The effect of dislocation on the 1/f noise current in long-wavelength infrared (LWIR) reverse biased HgCdTe photodiodes working at liquid nitrogen (LN) temperature was analyzed theoretically by using a phenomenological model of dislocations as an additional Shockley-Read-Hall (SRH) generation-recombination (G-R) channel in heterostructure. Numerical analysis was involved to solve the set of transport equations in order to find a steady state values of physical parameters of the heterostructure. Next, the set of transport equations for fluctuations (TEFF) was formulated and solved to obtain the spectral densities (SD) of the fluctuations of electrical potential, quasi-Fermi levels, and temperature. The SD of mobility fluctuations, shot G-R noise, and thermal noise were also taken into account in TEFF. Additional expressions for SD of 1/f fluctuations of the G-R processes were derived. Numerical values of the SD of noise current were compared with the experimental results of Johnson et al. Theoretical analysis has shown that the dislocations increase the G-R processes and this way cause the growth of G-R dark current. Despite the fact that dislocations increase both shot G-R noise and 1/f G-R noise, the main cause of 1/f current noise in LN cooled LWIR photodiodes are fluctuations of the carriers mobility determined by 1/f fluctuations of relaxation times. As the noise current is proportional to the total diode current, growth of G-R dark current caused by dislocations leads to the growth of noise current.
INTRODUCTION
The minimum radiant power that can be detected by any detector is limited by some form of noise. The noise may arise in the detector itself, in the radiant energy to which the detector responds, or in the electronic system following the detector. Infrared detectors with a high d star parameter D Ã should not only have high sensitivity, but also low noise current. We may distinguish two categories of noises: the radiation noise and the noise internal to the detector. The radiation noise includes the signal fluctuation noise and the background fluctuation noise. [1] [2] [3] We have no influence on the radiation noise, but all other types of noises can be reduced by a suitable design and cooling of the detectors. The fundamental types of internal noise are Johnson (sometimes called thermal) noise, shot generation-recombination (G-R) noise, 1/f noise, and random telegraph signal (RTS) noise. 4 Many different forms of the shot G-R noise expressions may be found, depending both upon the kind of G-R mechanism and the bias regime. 5, 6 The G-R noise is proportional to the generation and recombination rates, so cooling the detector is a simple method to limit this kind of noise. At present, due to the development of molecular beam epitaxy (MBE) and metalorganic vapour phase epitaxy (MOCVD) technology in the manufacturing of HgCdTe heterostructures, as well as the theories of fluctuation phenomena, we try to find ways to limit G-R noise without the LN cooling of detectors. Two examples of such solutions are small-area, noncooled 2-11 lm IR photovoltaic detectors optically immersed, 7 or a method proposed by British scientists, 8, 9 which is based on the non-equilibrium mode of operation. The latter, leading to the suppression of Auger G-R processes by decreasing the freecarrier concentration below its equilibrium value was demonstrated in n-type HgCdTe photoconductors 9, 10 and photodiodes. 11 However, one of the main issues in MCT heterostructures are misfit dislocations, which have a strong influence on the decreasing of the detector's performance. 12, 13 It is generally known that when the dislocation density does not exceed 10 5 cm
À2
, their presence does not considerably influence the performance of the manufactured photoelectric devices including photodiodes. [13] [14] [15] Such a level of the dislocation density is not usually exceeded in high quality solid materials produced using the bulk grown method, as well as in the layers manufactured by liquid phase epitaxy (LPE). However, it can be exceeded in semiconducting heterostructures, so it is reasonable to perform a detailed analysis of the influence of dislocations on the characteristic of devices fabricated from these materials. Particularly, the influence of dislocations on the electrical parameters of the device due to the SRH G-R channel by the energy level positioned in the region of the dislocation cores or in their proximity is significant. In Ref. 16 we presented and discussed the model of dislocation band formed by the dangling bonds of atoms of a dislocation core. In addition to the fact that dislocations strongly influence G-R rates in devices, they are also sources of the shot noise and 1/f noise. 13, 17 The mechanism of the shot noise is well understood, 18 but there are different views on the origin of 1/f noise. Formerly, two current models of 1/f noise were considered in the literature. 19 McWhorter model, 20 treating the free-carrier density fluctuations as the noise source and Hooge's model, 21 which assumes fluctuations in the mobility of free charge carriers to be the noise generation mechanisms. In our opinion, the most simple and reasonable is, however, a model based on Handel's theory, 22, 23 confirmed by the measurements of Hooge's parameters a H of 1/f noise in electronic devices. 24 The basic concept of this theory is that ''moderated'' electrons emit photons with a 1/ f spectrum of their energy. These emitted photons interact back with other electrons producing the current 1/f noise. The photon-electron interaction is described by the energy law. The electron is moderated (or accelerated) in G-R events as well as in scattering events. This is why both, fluctuations of G-R rates and mobility fluctuations, seem to be the main reason of the 1/f noise in devices. To explain why the dislocations lead to the growth of the 1/f noise we have developed a model of dislocations to obtain, at first expressions for a H for 1/f noise, and then to derive the spectral densities of fluctuations of effective G-R rates. Next we have applied our numerical programme enabling the modelling of the fluctuation phenomena in devices by using the Langevine-like method to solve the set of TEFF. 25 Finally, we have enhanced our numerical programme in order to take into consideration the influence of dislocations on the effective carrier lifetime as well as the G-R noise (both shot and 1/f). We have verified our numerical approach with measurements of noise current spectra obtained for HgCdTe photodiodes by Johnson et al. 13 Fluctuations of the dark current density inside a photodiode caused by the shot noise and the 1/f noise are related to the current noise observed in the electronic system by the energy law. Numerical analysis has allowed us to evaluate the influence of different kinds of noises on the total current noise and find the regions where the noise is mainly generated.
METHOD OF ANALYSIS
In the first step, we have to solve a set of nonlinear transport equations (Eqs. 1-4), Poisson's equation, continuity equations for electrons and holes, as well as the energy balance equation with suitable boundary conditions on the detector's surface and its electric contacts. In this paper we have considered Ohmic contacts and Neumann's boundary conditions on the surface beyond contacts.
The transport equations are given by:
where W is the electrical potential,j is the electrical current density, e is the elementary charge, c V is the specific heat, v is the thermal conductivity coefficient, G is the carrier generation rate, R is the carrier recombination rate, and H is the heat generation therm. In the last term, a Joule power is introduced as a heat generation. The indices n and p denote electron and hole, respectively. The carrier densities, ionized donor N þ D À Á , and ionized acceptor N À A À Á densities, as well as G-R factors and current densities are all complex functions of the electrical potential W, quasi Fermi levels for electrons U n , and (or) for holes U p and of temperature T. The set of Eqs. 1-4 is solved employing the Newton iterative method to obtain spatial distributions of W, U n , U p , and T in steady-state conditions. As was shown in our previous works, 25- 
In HgCdTe structures there are two main scattering mechanisms, ionized impurity scattering, and polarized optical phonon scattering. [28] [29] [30] Kousik et al. 31 based on Handel's theory of 1/f noise, 21, 22 obtained theoretically the spectral intensity of the fifth component of Eq. 7 in the case of silicon. We have adopted their results for HgCdTe in some previous works. [25] [26] [27] We have denoted the relaxation time for electrons and holes as s In HgCdTe some thermal G-R processes are observed. The most important are interband mechanisms: Auger 1, Auger 7, and radiative as well as SRH mechanisms connected mainly with metal vacancies. However, as it was shown in Refs. 32-34, the standard relations for radiative G-R process considered in this paper (see Appendix B), in some cases should be modified due to the strong reabsorption of photons generated in radiative recombination process in HgCdTe. The resultant generation (or recombination) rate is the sum of generations (or recombinations) determined by these specified bulk mechanisms (see Appendix B). The fluctuations of G-R processes are the cause of two sources of noise, the shot noise and the 1/f noise. However, G-R processes are dependent on carrier concentration, so the fluctuations of carrier concentration caused by additional mechanisms contribute to the generation of G-R noise. In the general case we can write:
The expression for the overall generation (recombination) rate is more complicated when we have to consider the influence of dislocations being an additional SRH G-R channel. In this case, an effective carrier lifetime depends not only on dislocation density, but also on these bulk material parameters, which have an effect on bipolar diffusion length. 16 After some manipulation of the Eqs. 1-9, one can obtain the set of four equations (Eqs. 10-13), which we will call TEFF.
F n t ð Þ in Eq. 11 and F p t ð Þ in Eq. 12 denotes electron and hole diffusion noise, respectively. 8, 11 In Eq. 13 F C t ð Þ denotes the fluctuation of heat stream and G C t ð Þ is the fluctuation of heat generation rate. 27 As the Eqs. (10-13) are linear, one can express all random variables by means of the Fourier series and separately consider any Fourier coefficient at any frequency. In this way TEFF now becomes the set of Langevine-like equations in which we can determine the random source terms i.e. ds e rel , ds
Knowing the SD of random sources one may determine the complex amplitude a f of their Fourier coefficients defined as follows:
Here S a f ð Þ denotes the SD of fluctuation quantity,
ð Þ is the complex Fourier coefficient for frequency f . The numerical method for solving TEFF equations is described in Ref. 25 . To solve the set of Eqs. 10-13 one has to know the SD of mobility fluctuations (it was shown in Ref. 27 ) as well as the SD of fluctuations of G-R processes. Taking into account the dislocations as an extra SHR recombination channel in HgCdTe heterostructures requires an essential modification of the expression for the effective recombination rate as well as the expression of the SD of its fluctuations. The derivation of the SD of G-R fluctuations is a very important point of this work and was carried out in Appendixes A-C.
Sources of 1/f Noise in Semiconductors (According to P. Handel's Theory) Figure 1 shows the potential reason for 1/f noise creation in the semiconductors according to P. Handel's theory. In accordance with the quantum electromagnetic field theory, electric charge carriers are accompanied by photons. Because of the Larmor theory, interactions leading to the change in carrier velocity are the sources of creation or annihilation of photons (Bremsstrahlung) with energies much smaller than the energies of the carriers participating in a particular scattering or G-R process. They are not energetic enough to be detected and they are called ''soft photons''. Even though soft photons are not detected, the possibility of their emission (or absorption) must be taken into account in the calculation of the scattering amplitude. 35 The number N f of these photons is inversely proportional to their energy, N f $ 1=hf ð Þi.e., their frequency. Digits 1 and 2 show the recombination and generation of the electron in the region of the dislocation core, respectively. Digit 3 shows the change of the electron velocity due to the scattering process. Digit 4 shows the change of the electron velocity due to soft photon annihilation. Digits 5 and 6 show the recombination and generation of the electron in bulk material, respectively. Generation and recombination that take place inside the dislocation core (digits 1 and 2) lead to the increase of the total dark current in the photodiode. If the influence of dislocation is important, the net thermal generation term may be expressed by the effective lifetime s eff 15,16
where Here M is a compound function of c l , r z , D, s, and S DIS parameters described in Ref. 16 . Here c l denotes the lattice constant.
The bipolar diffusion coefficient, D, and bipolar lifetime, s, can be expressed as 
Fluctuations dl n and dl p caused by fluctuations of the relaxation times are the sources of 1/f fluctuations of the coefficient D. The SD of 1/f G-R noise may be expressed as follows:
whereas SD of shot G-R noise is expressed (see Appendix A) by:
The SD of fluctuations of the inverse of bulk carrier lifetime 1=s is determined by the expression:
But
where c and b are coefficients dependent on the density of concentration of metal vacancies in bulk material and the kinetic of SHR processes. 
Expressions for S is shown in Appendix C. Figure 2 shows the geometry, composition profile, and spatial distribution of carrier concentration across the line A-B of 9.5 lm P-on-n HgCdTe photodiode operated in 77 K. We have assumed 1 lm thick P-type cap layer with a carrier concentration of 5 9 10 17 cm À3 . A minimum for the alloy composition step of about 0.2 is needed to suppress the diffusion current from the P-type cap layer. The electrical junction is positioned near the metallurgical interface and it is wise to place the junction in the small band gap layer to avoid a deleterious effect on the quantum efficiency and dark currents. We have assumed that the dislocation density is the same in all the structure. To determine the influence of dislocation on the performance of th photodiode, the calculations were carried out for arbitrarily chosen dislocation densities in range from 10 5 cm À2 to 10 8 cm À2 . Now we must find a connection between the current noise observed in the electronic system to which the detector responds and the fluctuations of current density inside the detector. The idea of the presented method is based on the fact that the density of the Joule power q P is the product of the current density and the electric field, thus q P ¼Ẽ Áj ð29Þ And total Joule power generated inside the detector is
RESULTS OF CALCULATIONS AND DISCUSSION
whereẼ is the electric field strength,j is the current density,U is the detector bias voltage, I is the total electric current in the circuit connected to the detector, and V is the volume of the detector. In the case of heterostructures the following expression for q P is more convenient than Eq. 30:
wherej n ¼ enl n rU n ;j p ¼ epl p rU p The noise power density is here treated as the result of fluctuations of the of quasi-Fermi level gradients, as well as the fluctuations of current density, i.e.
The SD of noise power density S q P is determined by relation
where S x is the SD of fluctuations of quantity x, a is the angle betweenj n and rU n , b is the angle betweenj p and rU p . The fluctuations of the total noise power density may be expressed by
The density fluctuation of Joule heat power dq P is now considered noise power density. Taking into account the energy balance expressed by Eq. 31, one may write an expression for the effective SD of the total noise current:
Here S P N is the SD of Joule noise power, calculated numerically as the sum of the SD of noise power density S q P multiplied by the square of volume elements inside the detector. Figure 3 shows the plot of calculated noise current equal ffiffiffiffiffiffiffiffiffiffi ffi S I Df p at Df ¼ 1 Hz of photodiode presented in Fig. 2 versus the dislocation density at 77 K. Experimental data (points) for LWIR photodiodes (Junction area = 7 Â 10 À6 cm 2 , T = 77 K, bias = À20 mV) are taken after Johnson et al. 13 The noise current increases with the dislocation density. Strong linear dependence is observed for dislocation densities above 10 6 cm À2 ; below this value the increase of noise current is weak. However, Johnson et al. 13 have observed a dramatic effect of dislocation density on the detector R o A product at T = 77 K. Just for dislocation densities above 10 6 cm À2 R o A decreases as the square of the dislocation density. R o A product depends on dark G-R currents, which are generated in greater part by the G-R process inside the dislocation cores. The growth of the low-frequency noise current with dislocation density is caused by 1/f fluctuations of effective G-R rates and by 1/f fluctuations of carrier mobilities. Mobility is the result of a huge number of electron scattering events when soft photons are created and annihilated. In the presented photodiodes the electron scattering processes are the main source of 1/f current noise. In order to show this, one must determine the influence of the separate noise source on the total noise current. To do it, we have solved the TEFF assuming that all noise sources are omitted except the one being tested. The SD of noise power density S q P gives very important information about the contribution of different noise sources to the total noise current generation, as well as about the areas where the noise is generated. In the considered photodiode two noise sources are dominant, i.e. the shot G-R noise and 1/f noise caused by mobility fluctuations (in Fig. 4 called the 1/f mobility noise). Figure 4a and b show the spatial distribution (along AB cross section) of noise power density ffiffiffiffiffiffiffiffiffiffiffiffiffi S q P Df p À Á at Df ¼ 1 Hz caused by the shot G-R noise (dashed line) and caused by the 1/f mobility noise due to the relaxation time fluctuations (one solid line for 1 Hz frequency and another solid line for 10 kHz frequency). The dotted line shows the distribution of the electric field strength E. Figure 4a and b refers to the device with the dislocation density N DIS ¼ 10 5 cm
À2
and N DIS ¼ 5 Â 10 7 cm À2 , respectively. Irrespective of the dislocation density one may notice that the SD of noise power density S q P is practically generated in regions where the built-in electric fieldẼ exists. In these regions strong gradients of quasi-Fermi levels (rU n and rU p ) are found. When dislocation density is low (Fig. 4a ) the noise power caused by mobility fluctuations and the shot G-R noise are comparable in the built-in electric field region. In the case of high dislocation density (Fig. 4b) S q P strongly increases, and now low-frequency noise caused by mobility fluctuations distinctly dominates. The influence of 1/f G-R noise on S q P is negligible. These results show that dislocations alone cannot be a direct source of noise, they are indirect through impact on current.
CONCLUSIONS
It is well known that dislocations originating from the material growth affect the performance of LN cooled HgCdTe photodiodes. Dislocation can have a dramatic effect on effective carrier lifetime, increasing noise current, in particular 1/f noise current. A phenomenological model of dislocation band as a SHR G-R channel was applied to obtain the expressions for the SD of shot and 1/f fluctuations of effective G-R rates in HgCdTe heterostructures. Next the set of TEFF was solved numerically for the arbitrarily chosen frequencies to calculate the SD of the total noise current caused by both G-R noises and carrier mobility fluctuations. The results of the calculations of 1/f noise current at 1 Hz were compared with the experimental data obtained by Johnson et al. 13 The numerical results show that the dislocations are not only the direct source of 1/f noise via 1/f G-R noise in itself. Dislocations increase G-R current and the fluctuations of G-R current leading to 1/f noise. In the presented Fig. 2 ) of noise power density equal ffiffiffiffiffiffiffiffiffiffiffiffiffi S q P Df p at Df ¼ 1 Hz, caused by different noise sources for the dislocation density 10 5 cm À2 (Fig. 4a ) and 5 9 10 7 cm À2 (Fig. 4b) . The shot G-R noise is shown by a dashed line, 1/f mobility noise is the solid line at frequency f = 1 Hz and solid line at f = 10 kHz. The distribution of electric field strength is represented by a dotted line. 
APPENDIX A Shot G-R Noise
To apply the set of TEFF, we need to find the local noise generator for the fluctuation rate of the generation and recombination of the charge carriers defined for the small volume of the semiconductor structure. The generation-recombination noise will contain the shot noise and 1/f noise related to the given generation-recombination mechanism. Generally, it is assumed that G-R noise is white noise (shot noise). The rate of the G-R process can be expressed by the respective G-R current. If the electron continuity equation for a volume DV is considered, it can be expressed by the relation:
where G e and R e are the generation-recombination rate in a unity volume,j e is the electron current density, and dÃ is the area of volume element dV.
The generation-recombination current I G e ÀR e is defined as a difference between the generation I G e and recombination I R e currents and its current fluctuation spectral density being responsible for the G-R shot noise can be expressed by the relation:
Also, from equation (A1), we derive
Comparing equations (A2) and (A3) the spectral density of the G-R shot noise can be expressed as:
Analyzing the thermal generation (or recombination processes) in the HgCdTe the inter-band Auger 1, Auger 7, and radiative mechanisms, as well as SRH mechanisms connected with metal vacancies are taken into consideration. The net generation rate in a unity volume is as follows:
The description of the standard parameters can be found in Refs. 25 and 37. As noted, all the abovementioned generation-recombination processes depend on both the generation-recombination of the single electron-hole pair (G ee (Auger1), G hh (Auger7), G RAD (radiative process)), and the rate of trapping of the single hole c p or single electron c n , as well as the carrier concentration. Spectral density of the shot noise for the net G-R process given by the equation (A5) according to (A4) can be expressed by:
The coefficients in equation (A5) G ee , G hh , G Rad , c p , and c n contain the cross sections determining the probability of a crash, in which the carrier of the electric charge takes part. Handel's theory can be applied to find the G-R 1/f noise. According to Handel, the 1/f noise should be considered because during the generation-recombination process the change of carrier velocity leads to the generation of ''soft'' photons. Here we have enhanced the method applied by van der Ziel and Handel 38 for SRH recombination in an n + -p photodiode to analyze the 1/f G-R noise. They considered the 1-D case, where the simple relation between the generation-recombination current, the width of the depletion layer, and the net generation rate were assumed.
In this Appendix we derive the expressions for spectral density of 1/f G-R noise caused by inter band Auger 1, Auger 7, and radiative G-R mechanism, as well as SRH G-R mechanism connected with metal vacancies in HgCdTe structure.
Auger 1 and Auger 7 G-R processes
The net Auger recombination rate (index A) determined by Auger 1 processes (index A1) and Auger 7 (index A7) is expressed (e.g. Blakemore 39 ) by relation:
where coefficients G ee and G hh were defined by Beattie and Landsberg. 40 According to the relation (A2) the spectral density of the G-R current fluctuation caused by A1 and A7 in volume dV can be expressed:
On the other hand, due to the Hooge theory, 41 ,42 the spectral density of 1/f noise of G-R noise current may be expressed by the equation:
where s A1 and s A7 , the carrier lifetime determined by the A1 and A7 mechanism, respectively, may be expressed by the relations:
And
Now the Hooge's coefficients a H A1 i a H A7 have to be determined. In process A1 where two electrons crash, one gains extra energy approximately equal to the band gap energy E g , and the second moves back to the heavy hole band, which results in the annihilation of the e-h pair. The soft photons generated are related to the interaction of three particles. According to Handel's theory, the Hooge's coefficient should be calculated by assessing the statistical average changes of the square velocity of the charge carriers in the generation (or recombination) process. Therefore:
And similarly for the A7 process:
So now the 1/f spectral density of GR noise current for the A1 and A7 mechanisms will be expressed, respectively:
Equations A1, B8, and B9 may be used to calculate the 1/f noise spectral density of the fluctuations of the net recombination rate for the A1 and A7 processes:
And finally:
Without any doubt, the soft photons generated in the A1 and A7 processes influence the cross sections fluctuations for the e-e and h-h crash and in turn the fluctuations of the G ee and G hh coefficients.
According to (B1), the dependencies between the spectral density of fluctuations of the net recombination rate for the Auger processes and spectral density of fluctuation of G ee and G hh are related by the equation:
Now the 1/f spectral densities of fluctuations of G ee and G hh coefficients ðS
Þ may be expressed by the relations:
Radiative Mechanism
The net radiative recombination rate may be expressed by the relation:
where the coefficient G Rad was derived by van Roosbroeck and Shockley. 43 Whereas spectral density of GR current fluctuations caused by radiative process in volume dV is expressed by:
However, according to Hooge's theory,
The following relation can be used to calculate the carrier lifetime s Rad determined by radiative recombination 43 :
Thus, we have obtained the following relationship:
Since both the annihilation and generation of the e-h pair in the radiative process is related to the average changes in the carriers energy equal to the doubled thermal energy, thus, according to Handel's theory, one may write:
And eventually:
while 1/f spectral density of G Rad coefficient fluctuations is expressed as follows:
SRH Mechanism
Following Shockley and Read, 44 we derived an expression for the net recombination rate of the e-h pair caused by the SRH process connected with the metal vacancies in HgCdTe structures. 36 The net recombination rate for SRH mechanism may be expressed by:
Equation B25 uses standard notation, while a = 4 is a coefficient related to the degeneracy of the trap level. In addition in Eq. B25 the coefficients s n0 and s p0 will be defined by capture coefficients c n and c p as below:
where v n and v p are average thermal electrons and holes velocities, r n and r p cross sections (in cm 2 ) for the capture of electron and hole by trap centre. N T is the trap concentration. Since we want to apply Handel's theory we have to express the net recombination (or generation) rate in volume dV by the GR current. Let us use the van der Ziel and Handel's 38 dependence between ds and dc fluctuations: 
Thus, spectral densities of ds n0 and ds p0 fluctuations have shapes:
Now the fluctuation d R À G ð Þ SRH of net recombination rate caused by fluctuations of the capture coefficients is expressed by the relation:
S s p0 and S s n0 can be easily calculated from relations (B30), (B39), and (B40). The average change of the electron and hole velocity will be calculated assuming that the carriers have an average thermal velocity. As a consequence of the capture process, the carriers do not exhibit an average thermal velocity or gain it during the process of generation to a given band from the trap level. The average electron and hole velocities could be expressed by the relation:
Thus, Hooge's coefficients are found:
SRH Process in the Electric Field
The electric field strongly influences SRH processes increasing the c n and c p coefficients. The tunnelling by trap states (TAT, trap assisted tunnelling) contributes hereto mainly. As a result of our earlier analyses, the Frenkel-Poole (FP) effect has a marginal meaning. 36 Going back to expression (B25), which for SRH processes in the electric field should be written:
where b p i b n are the coefficients that determine the influence of the built in electric field on an SRH mechanism connected to metal vacancies in HgCdTe. 36 Following the procedure related to the Eqs. B39 and B40, we will get analogous dependencies:
